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This study finds that doping tin mono-sulfide (SnS) with different concentrations of manganese (Mn)
(0-30wt%) results in a competition for anion bonding between tin and manganese during the hot-
injection synthesis of the nanoparticles, creating lattice structures with strained crystallites and hence
favoring the formation of the metastable zinc blende phase that has the crystal structure of sphalerite,
a zinc ore. A typical hot-inject process was used to synthesize the SnS nanoparticles using oleic acid
and oleylamine as solvents to produce the tin (doped with manganese) and sulfur precursors, respec-
tively. We obtained a purely zinc blende phase at 260 °C when the doping concentration of Mn was
increased to 30% while the stable orthorhombic phase was synthesized without doping. Powder X-ray
diffraction (PXRD), High Resolution Transmission Electron Microscopy (HR-TEM) and Selected Area
Electron Diffraction (SAED) results confirm the presence of the zinc blende phase at 30% Mn doping con-
centration. Ultraviolet-Vis-Near Infrared (UV-Vis-NIR) spectra show absorption onset at 980 nm for the
orthorhombic phase and 840 nm for the zinc blende phase, and this blue shift can be attributed to the
change in crystal phase structure. Electron spectroscopy for chemical analysis (ESCA) data shows that
Mn?* is doped substitutionally in place of Sn?*, while the strong presence of Sn** is due to the low
enthalpy during the formation of tin vacancies. Doped SnS thin films without any catalysts were
spin-coated on fluorine doped tin oxide (FTO) substrates and used as a working electrode in a photo-
electrochemical cell and show photocurrent densities up to 53.26 pA/cm? at an applied potential of
—1 V. These narrow band gap and low cost nanocrystals can be used for applications in future solar cells
and other optoelectronic devices.
© 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. All rights reserved.
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1. Introduction

The electronic, optical and photonic properties of semiconduc-
tor nanocrystals are strongly phase dependent, and recent research
in synthesizing and characterizing the metastable zinc blende
phase highlights this fact. SnS has the advantages of being natu-
rally abundant, nontoxic, stable under ambient conditions, has a
high p type conductivity [1] (hole mobility ~ 90 cm? V=571 [2]),
a high absorption coefficient (10*-10° cm™! at the fundamental
absorption edge which varies with the phase [3]), and a wide
absorption range (band gap ~ 1.3 eV [4-8]) and thus theoretically
possesses all the qualities for efficient absorption of solar energy
and is suitable for incorporation into photovoltaic cells [9,10] and
a variety of other optoelectronic devices [11].

An interest in the highly symmetrical zinc blende (ZB) phase
arises from the fact that its structure and optical properties are
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very different from the bulk and more stable orthorhombic (OR)
phase. The local coordination of atoms in a crystal lattice plays
an important role in influencing the physical and chemical proper-
ties of the material [7,9,12-15]. It has been observed that the meta-
stable zinc blende phase appears first during crystallization from
solution because its formation is kinetically faster, but eventually
transforms into the thermodynamically more stable orthorhombic
phase as more energy is provided by increasing the reaction time
or temperature [14].

Tin sulfide nanostructures have been synthesized in various
forms, including granular [5], nano branch structure [16], fullerene
nanoparticles [17], layered nano-crystals [18,19], nanorods [20],
nano-linear [21] and nanobelts [22] using various techniques, like
hydrothermal, solvothermal, pyrolysis and microwave irradiation
among others [4-6,8,18,23]. While in most of the research the final
phase obtained is orthorhombic, less work has been reported on
the controlled synthesis of the zinc blende phase. Deng et al. [7]
synthesized zinc blende SnS nanoparticles of sizes 8, 60 and
700 nm using oleylamine as the solvent and Hexamethyldisilazane
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(HMDS) as the surfactant by varying the final temperature from
150 °C to 280 °C. The same group also published a report synthe-
sizing 2-5 um long single crystalline ultrathin SnS nanoribbons
that grow via a metastable to stable phase transition and display
dual phase intermediate heterostructures with zinc blende nano-
sphere heads and orthorhombic nanoribbon tails [15]. Greyson
et al. [12] synthesized tetrahedral zinc blende SnS nano- and
microcrystals by thermally decomposing tin chloride and elemen-
tal sulfur in oleylamine at mild temperatures (170 °C), but when
the SnS tetrahedrons were heated to 250 °C in oleylamine for 3 h,
a nearly complete transformation from zinc blende to orthorhom-
bic phase was observed. Avellaneda et al. [13] synthesized poly-
morphic zinc blende and orthorhombic thin films of SnS by
chemical deposition. Sinsermsuksakul et al. [24] recently studied
the effects of antimony doping (1-5%) in the pulsed-CVD synthesis
of SnS thin films in an effort to reduce the hole concentration and
change the conduction type (p to n) for future utilization in the
construction of SnS thin film solar cells with p-n homo junctions.
Herein, we report the synthesis of SnS nanocrystals doped with
different concentrations of Mn and utilize thin films of these
materials as photoelectrodes for water splitting. To the best of
our knowledge, no report has yet been published about the effects
of doping Mn on the crystal phase and the optoelectronic proper-
ties of SnS.

2. Experimental
2.1. Materials

Tin(Il) oxide (SnO, SHOWA, 99%), oleic acid (OA,C;gH340,, Sigma
Aldrich, 66-88%), manganese (II) oxide (MnO, Alfa Aesar, 99%), sul-
fur powder (S, Sigma Aldrich, 98%), oleylamine (OLA, C;gH37N,
ACROS, 90%), 1-octadecene (ODE, C;gH3s, ACROS, 90%), hexane
(CeH14, Mallinckrodt, 90%), ethanol (H3CH,OH, OSAKA, 99%), and
acetone (CH3COCH3, OSAKA, 99.5%). All chemicals were used as
received without further purification.

2.2. Synthesis

In this study we prepare SnS nanoparticles using thermal
decomposition via a wet chemical synthesis route, as it comple-
ments the hot injection synthesis technique in which injection of
precursors into a preheated solvent can induce rapid nucleation,
and this is vital for obtaining nanoparticles with narrow size distri-
butions [25]. In a typical synthesis experiment, 1.35 g of SnO was
mixed with 13.5 ml OA and 3 ml of 1-ODE in a three-neck flask
and heated to 110 °C under argon gas inflow and constant mag-
netic stirring, and held there for 15 min to remove all the excess
water. The mixture was heated further up to 310 °C and held there
for an hour to form the tin precursor (Sn(OA)y), after which it was
cooled down to 130 °C. Simultaneously the sulfur precursor (S-
OLA) was prepared by heating a mixture of 0.45 mmol of elemental
sulfur powder and 9 ml OLA at 130 °C under magnetic stirring and
argon gas inflow. Using glass syringes the hot sulfur precursor was
quickly injected into the tin precursor and the final temperature
was maintained at constant intervals between 130 °C and 310 °C
for an hour before being cooled to room temperature. The resulting
SnS nanoparticle solution was then added to ethanol and acetone
in the ratio 1:9:9 and centrifuged at 5000 rpm for 15 min. This pro-
cess was repeated three times to wash away all the organic sol-
vents, and the final product was dried in a vacuum and
redispersed in hexane. The doped SnS (Mn) nanoparticles were
synthesized by adding different concentrations of manganese
oxide (0-30 wt.%) during the synthesis of the tin precursor, result-
ing in a tin-manganese-oleate complex (Sn;_,Mn,(OA,)). All the
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Fig. 1. (a) PXRD of SnS nanocrystals without Mn doping observed at different final
reaction temperatures. (b) TEM image at the final reaction temperature of 310 °C
showing an elongated hexagonal nanosheet where the horizontal axis corresponds
to the (101) orthorhombic plane. (c) Orthorhombic phase of SnS as confirmed by
the SAED pattern of single nanosheet.
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Fig. 2. PXRD pattern of SnS nanocrystals with 10 wt.% Mn doping obtained at
different final reaction temperatures.

other steps remained the same. Thin films of doped and undoped
SnS were prepared by spin coating a solution of the obtained
nanocrystals (2 mg) in toluene (2 ml) on transparent FTO coated
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glass substrates. The FTO/glass substrates were subjected to oxy-
gen plasma for 30 s prior to the spin coating process to obtain
improved binding of the SnS thin films to the FTO surface. Photo-
electrochemical tests of obtained thin films were performed in a
conventional three-electrode system with 0.1 M Na,SO, electrolyte
(pH = 7) using the SnS thin films as the working electrode, plat-
inum gauze as the counter electrode and Ag/AgCl as the reference.

2.3. Characterizations

PXRD measurements were made on a D2 Phaser, BRUKER
diffractometer with Cu Ko radiation (/= 1.54060 A) at a scan rate
of 0.025s7! to analyze the phase structure of the nanocrystals.
HR-TEM was performed on a field emission gun transmission
electron microscope (Tecnai G2 G20 FEG-TEM, Philips) operating
at 200 kV. The dried powdered sample was dispersed in hexane
to an appropriate concentration, and then drop coated on ultrathin
carbon coated mesh copper grids and dried in the oven at 80 °C for
an hour before being sent for TEM analysis. UV-Vis-NIR absorption
spectra were recorded at room temperature on thin films of SnS
spin coated on glass substrates and annealed at 80 °C (Laurell spin
coater (Model no: WS-400BZ-6NPP)) using the JASCO V-670
spectrophotometer that is equipped with an integrating sphere.
XPS experiments were performed on a PHI-5000C ESCA system
(Perkin Elmer) using Mg Ko radiation (hv=1253.6eV). The
photo-electrochemical properties were measured in ambient
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conditions under irradiation of a 300 W Xe lamp (4> 420 nm,
PLS-SXE300/300UV, Trusttech Co., Ltd. Beijing) having a power
density of 50 mW cm 2. The potential was swept from 0 to
—1.0V (vs. Ag/AgCl) at a sweep rate of 10 mV/s.

3. Results and discussion

The crystal structure of the undoped SnS nanocrystals synthe-
sized at different final reaction temperatures was observed using
PXRD. The crystalline phase for all reaction temperatures matches
well with the stable orthorhombic phase (a=4.148 A, b=14.18 A,
c=4.177 A, JCPDS 39-0354), and no other impurity phases were
detected. At low temperatures the peaks are broad and not well
formed, but at higher temperatures the peaks are sharper with
higher intensities, thus showing high crystallinity and good grain
growth (Fig. 1a). The TEM image at 310 °C (Fig. 1b) with an electron
beam incident direction of (010) shows the formation of a thin
elongated hexagonal single crystal SnS that has grown to about
230-250 nm along the orthorhombic (101) plane, while still main-
taining the sheet like structure. At no temperature was the zinc
blende phase identified.

SnS nanocrystals were then doped with 10 wt.% Mn and held at
different final temperatures to analyze the phase changes induced
by doping. Lower temperatures (130-210 °C) show peaks at 30.70°
and 44.05° corresponding to the (111) and (02 2) planes of the zinc
blende phase (a=5.41 A), respectively. However, the crystallinity
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Fig. 3. (a) PXRD of SnS nanocrystals doped with Mn(0-30 wt.%) with the final reaction temperature maintained at 260 °C and (b) enlarged PXRD pattern from 25-35° showing
the pure zinc blende phase at 30 wt.% Mn doping. (c-f) TEM images and SAED patterns for SnS doped nanocrystals for 0, 10, 20 and 30 wt.% Mn respectively. (g) HRTEM image
of near spherical zinc blende nanoparticles obtained at 30 wt.% Mn doping, and (h) the corresponding indexed fast Fourier transform (FFT) revealing single crystal structure

along the (111) and (200) planes of zinc blende.
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of the zinc blende phase obtained at these lower temperatures is
relatively poor, as shown by the presence of broad peaks (Fig. 2).
As the temperature is increased (210-260 °C), sharp peaks begin
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Fig. 4. (a) Plot of UV-Vis-NIR absorption spectrum of various concentrations of Mn
doped SnS nanocrystals spin coated on glass substrates, (b) plot of (ahv)? versus hv
(eV) showing direct band gap, and (c) plot of (ahv)'/? versus hv (eV) showing the
indirect band gap of Mn doped SnS (0-30 wt.%) thin film.

to form that correspond to the (101) and (111) planes of
orthorhombic SnS, while still retaining the (111) and (022) planes
of zinc blende, resulting in a mixed phase structure. As the temper-
ature is increased to 290 °C, all of the peaks corresponding to the
zinc blende phase disappear, resulting in a pure orthorhombic
phase. The presence of the zinc blende phase below 260 °C with
10% Mn doping could be attributed to the competition between
cation ions resulting in the formation of strained crystallites. The
temperature change from 260 °C to 290 °C provides the activation
energy for all the metastable zinc blende to be transformed into
the more stable orthorhombic phase.

Fig. 3 shows the effects of different levels of doping (Mn, 0-
30wt.%) on the structural properties of the obtained SnS
nanocrystals. When the doping concentration of Mn was 10 wt.
% and the final reaction temperature was 260 °C, a mixed phase
of zinc blende and orthorhombic was obtained. At intermediate
doping levels (20% Mn), sharp peaks corresponding to both zinc
blende and orthorhombic phases are present, resulting in a
mixed phase SnS crystal structure similar to the one obtained
at 10 wt.% Mn doping, but with the zinc blende peaks having
higher intensities. However, at 30 wt.% Mn doping most of the
orthorhombic peaks disappear, except the (111) and (040)
diffraction planes, which become a broadened peak, while the
(111) and (200) planes of the zinc blende phase show sharp
intense peaks, resulting in SnS nanocrystals that are predomi-
nantly zinc blende (Fig. 3a). The peaks appear to shift to higher
angles as the doping concentration is increased to 30 wt.% Mn,
resulting in reduced lattice spacing of the planes of the zinc
blende phase (Fig. 3b). The size of these near spherical zinc
blende nanoparticles is found by Scherrer’s equation to be about
20 nm. This clearly shows agglomeration of the zinc blende sin-
gle crystallites to form larger poly-crystallites, as illustrated in
the TEM image (Fig. 3f). The HRTEM image (Fig. 3g) of these
crystallites at 30 wt.% Mn doping shows clear lattice planes that
demonstrate the crystallinity of the obtained samples. The typi-
cal lattice spacings were measured to be 0.35 and 0.28 nm,
which corresponds to the distance between the (111) and
(200) facets of the zinc blende phase of SnS with a crystal con-
stant, a = 0.5845 nm. Burton and Walsh [14] suggested that the
formation of the metastable phase could be favored either by
rapid growth in high energy environments, or a high concentra-
tion of crystal defects. As the competition between Sn and Mn
ions increases with an increased doping concentration of Mn,
violent reactions occur which only calm down once nucleation
is completed, and this results in the formation of crystal defects
and favors the formation of the zinc blende phase.

Optical measurements of Mn doped SnS (0% and 30%) thin films
show absorption onset for the orthorhombic phase (Mn-0 wt.%) at
about 980 nm and the zinc blende phase (Mn-30 wt.%) at about
840 nm. The dependence of the absorption coefficient (a) on the
incident photon energy for semiconductors can be written as
(ahv)" = B(hv—Eg), where n is a number that depends on the elec-
tronic transition of the semiconductor and B is a constant. The
dependence of a® on the photon energy (hv) for the direct band
gap and a®° on the photon energy for the indirect band gap is illus-
trated graphically (Fig. 4b and c). Estimates for the direct and indi-
rect band gaps of the orthorhombic SnS phase from the intercepts
of the plot are 1.24 and 1.17 eV, respectively. On the other hand,
the direct and indirect band gaps of the zinc blende SnS phase from
the intercepts of the plot are estimated to be 1.61 and 1.28 eV
respectively. The large blue shift in the direct band gap of the zinc
blende (Mn-30%) as compared to orthorhombic (Mn-0%) phase SnS
cannot be explained by quantum confinement effects, but rather is
due to the phase difference in their crystal structures. This occurs
because the band structure of a semiconductor, and thus its optical
properties, depend strongly on the types of orbital interactions in
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the solid and the symmetry (zinc blende or orthorhombic) of their
overlap.

The XPS measurements obtained by Electron Spectroscopy for
Chemical Analysis (ESCA) reveal the presence of two valence states
for tin ions (Sn** at 486.6 eV and Sn* at 485.1 eV) and one valence
state for sulfur (S~2 at 161.8 eV) before and after doping with man-
ganese (Fig. 5a-c). The strong presence of the Sn** valence state
highlights the native p type conduction observed in SnS, due to
the small enthalpy during the formation of tin vacancies, which
generate shallow acceptors [14]. It can be observed from the XPS
spectra that after doping 30 wt.% Mn, the intensity of Sn*' is
unchanged, while that of Sn?* drops, indicating that Mn?" replaces
Sn?* during the thermal decomposition synthesis. Peaks at 641 eV
and 653.5 eV in the XPS spectra correspond to the binding energies
of Mn?* and are observed after doping, while they are absent with-
out doping (Fig. 5d). The zinc blende peak shift to higher angles
observed in the PXRD results (Fig. 3b) suggests transition to a
smaller crystal lattice spacing and also implies that there is a
higher probability that the Mn?* substitutes the Sn?>* based on their
atomic radii (the atomic radii of Sn**, Sn®* and Mn?* is 0.69, 0.93
and 0.8 A respectively). Furthermore, PXRD results at different
doping concentrations show peaks corresponding to either the
orthorhombic or zinc blende phases of SnS, and no peaks corre-
sponding to Mn or any Mn related compounds, which further
implies substitutional doping of Mn in SnS. To further clarify this,
Extended X-ray Absorption Fine Structure (EXAFS) measurements
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need to be performed, as these are sensitive to the local atomic
environment of the dopant atoms.

Water splitting under sunlight has received much attention for
production of renewable hydrogen from water on a large scale
[10,26-29]. Pure and doped SnS nanocrystals were used to prepare
thin films coated on conductive FTO/glass substrates and used as a
working electrode in a three-electrode photo-electrochemical cell.
Fig. 6 shows the photocurrent density of the SnS samples doped
with 0, 20 and 30 wt% Mn. The highest photocurrent density
(56.26 uA/cm?) at an applied potential of 1V (versus Ag/AgCl)
was observed for the 20wt% Mn doped SnS nanocrystals
(Fig. 6b) which have a metastable and distorted crystal structure
owing to the presence of both orthorhombic and zinc blende
phases. The different absorption onsets of the two phases result
in a wider absorption range and hence higher current densities
are observed. The photocurrent density is relatively lower for
purely orthorhombic (0-10 wt.% Mn) or zinc blende (30 wt.% Mn)
phase SnS and does not improve significantly when compared to
the current density in the dark. SnS in its native form often suffers
from low incident photon to current efficiency (IPCE) which is
thought to be due to charge carrier recombination at the grain
boundaries and the presence of sulfur vacancies. The crystal struc-
ture and hence the optoelectronic properties of SnS can be tuned
by utilizing controlled substitutional doping of metal ions like
Mn that could enhance IPCE by introducing localized bands that
facilitate improved charge transfer [30].
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Fig. 5. XPS spectra displays Sn 3d° peaks at 486.6 eV and 485.1 eV corresponding to valence states of Sn** and Sn?*, respectively, in (a) 0% Mn doping and (b) 30% Mn doping.
(c) S 2p peak at 161.8 eV which matches the binding energy of S~2 ions, and (d) shows Mn 2p> peaks at 641 eV and 653.5 eV corresponding to the characteristic binding

energies of Mn?*.
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Fig. 6. Photocurrent density as a function of the voltage applied between the
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(b) mixed phase and (c) pure zinc blende working electrodes.

4. Conclusion

In summary, we have successfully synthesized nanoparticles of
the pure zinc blende phase using a thermal decomposition method
by the doping of Mn in SnS (30 wt.%). A mixed zinc blende and
orthorhombic phase was observed at lower doping concentrations,
while pure orthorhombic phase was observed without doping, The

structural and optical properties of the zinc blende phase vary with
that of the more stable orthorhombic phase. Higher photocurrent
densities were observed for the mixed phase as compared to pure
orthorhombic or zinc blende phases. The direct and indirect band
gaps for orthorhombic SnS were found to be 1.24 and 1.17 eV,
respectively, and for zinc blende phase these were at 1.61 and
1.28 eV, respectively. The shift to absorption of higher energy pho-
tons observed in the zinc blende phase can be utilized in future SnS
photovoltaic and photo electrochemical cells, and this reinforces

the potential of earth abundant IV-VI semiconductor
nanostructures.
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